Four ruminally cannulated, nonlactating Holstein cows (593 kg) were fed bromegrass hay diets within a 4 x 4 Latin square. Treatments were arranged factorially and consisted of bromegrass fertilized with 0 or 89 kg N/ha and harvested in the late-boot or full-head stage of maturity. Total tract digestibility of DM (57.6 vs 51.1%), NDF (68.8 vs 63.0%), ADF (51.1 vs 46.0%) and cellulose (63.4 vs 53.5%) decreased with increasing maturity (P < .OS). These forages also were placed in dacron bags for determination of in situ digestion kinetics. Rate, extent of digestion, and lag times were determined for DM and fiber components using linear regression of log-transformed data or a nonlinear fitting procedure. Treatment effects generally were consistent between methods of calculating kinetic data; however, numerical results often differed greatly. Extents of in situ ruminal digestion (72 h residue) for NDF, hemicellulose and cellulose were lower (P < .05) for fullhead than for late-boot-stage bromegrass. Extent of digestion calculated using the nonlinear method followed similar trends. Nitrogen fertilization had no effect on extent or total tract digestibilities of fiber components of DM. In situ disappearance rates (calculated using both methods) for fiber fractions and DM generally were almost always affected less by maturity than by fertilization. Particles of N-fertilized bromegrass had more (P c .05) bacterial N associated with them during the first 12 h in situ than did particles of unfertilized brome. Surface area equations based on ligmfkation of NDF accurately estimated fiber digestion and suggested that lignification was the primary reason DM and NDF digestibilities decreased with advanced maturity. Due to the relatively low DM intakes of these diets (11 kg/d), rate of passage, not rate of digestion, was of principle importance in determining extent of digestion of these diets. 
Introduction
Smooth bromegrass (Bromus inermis L.) is a major source of nutrients for ruminants in the Northern Plains, but this forage must be managed correctly so that yield of nutrients can be maximized. Two important management practices that affect yield and quality of forage are N fertilization and stage of maturity when harvested. The gross effects of these factors on forage composition have been know for several decades. Fertilization of grasses with N typically increases yield of DM and concentration of CP in the plant (Blaser, 1964) . Yield of DM and concentrations of fiber components increase, but concentration of digestible energy usually decreases, as the plant matures (Blaser, 1964) .
Analytical and mathematical techniques used to evaluate feedstuffs have changed over the years; many methods used currently were not available when the early research was conducted. A detergent system of fiber analysis was introduced in the early 1960s that defies the chemistry of fiber more completely than did the crude fiber system. To understand the constraints on fiber digestion by ruminal microorganisms, the dynamics of fiber digestion must be studied. Both in vitro and in situ procedures have been developed that can be used to study digestion kinetics. Different mathematical procedures to calculate kinetic data have also been proposed. Smith et al. (1972) and Waldo et al. (1972) proposed that fiber digestion kinetics should be calculated by regressing the natural logarithm of fiber residue over time after correcting for indigestible matter. Mertens and Loften (1980) used the same basic model but proposed that nonlinear regression methods be used to calculate kinetic data.
Improvements in forage utilization are predicated on accurate measurements of the nutritional value of forages. The objectives of this research were to determine the influence of N fertilization and stage of maturity on ruminal and total tract digestion of fiber components and to determine the accuracy of currently available kinetic and mathematical models for predicting digestibility of those fractions.
Materials and Methods
An established stand of bromegrass (approximately 8 ha) located at Fargo, ND was divided into four plots (2 hdplot). The soil type was Fargo, silty clay, and, based on soil test, the soil had adequate P and K to meet our yield goals. Two plots were fertilized with 89 6Supplement provided 44 k o a N (from ammonium nitrate) and two plots were given no N fertilizer at the start of the 1987 growing season. Forage from each fertilization treatment was harvested with a mowerconditioner in preanthesis (late-boot) stage or postanthesis (full-head) stage of maturity. Hay was cured without rain damage, baled in large, round bales, and stored inside approximately 7 mo until feeding. All hays were coarsely chopped to a length of approximately 18 cm using a tub grinder prior to feeding. The four hays were fed to four ruminally cannulated, nonlactating 593 (k 12)-kg Holstein cows (3 yr old) in a 4 x 4 Latin square experiment. Cattle were given 227 g of a vitamin-mineral supplement6 to meet NRC (1 988) recommendations. Water and trace mineralized salt were available at all times. Cows had ad libitum access to hay with fresh hay added three times daily at 0600, 1400, and 2200 during a 10-d acclimation period, followed by a 5 4 total collection period. Dry matter intake was measured daily. During the collection phase, urine, feces, and feed refusals were collected and weighed daily using the procedure of Conrad et al. (1960) . Approximately 200 ml of urine and 5% of the feces and orts were saved daily for analysis. All samples were kept refrigerated during the collection period. Urine pH was kept below 6.5 by adding 7.2 N H2SO4 during collection and refrigerated storage. In situ digestion kinetics were determined during the collection phase using dacron bags7. Bags were constructed from 100% dacron polyester using specifications similar to those reported by Anderson et al. (1988) . Dimensions of the bags were 87.5 x 100 mm with a pore size of 35 to 75 microns. Bags were filled with 3 g of ground (Wiley mill with 2-mm screen) forage and sewn shut. A total of 16 bags were attached to a 19cm steel chain and inserted into the rumen of the cow at 0900. All 16 bags contained the same forage treatment and were placed in the rumen of the cow being fed that particular treatment after being soaked in warm (39°C) water for 15 min (Anderson et al., 1988) . Duplicate bags were removed from the rumen at 3,6,9, 12,24, 36, 48, and 72 h. An additional cow was used to give five observations for in situ data for the late-boot + N treatment. Bags were washed by immersing them four times in approximately 10 liters of cold water immediately after removal from the rumen and then were frozen.
Concentrations of NDF, ADF, and ADL were determined sequentially (Robertson and Van Soest, 1981) . Purine contents of isolated ruminal bacteria and the digesta in the bags were measured so that microbial N could be estimated ( Zinn and Owens, 1986) . No correction was made for purine content of the feed.
In situ digestion kinetic parameters (extent, rate, and lag) were estimated using two methods. For one method (LOG), degradation rates were determined by first subtracting the indigestible residue (amount remaining at 72 h) from the amount in the bag at each time point and then regressing the natural log of that value against time (Waldo et al., 1972) after correcting for lag (Mertens, 1977) . Lag was calculated according to Mertens and Loften (1980) . For the second method (NLIN), kinetic parameters were estimated using a nonlinear fitting program based on Marquart's method (SAS, 1988) .
At each bag removal time, ruminal fluid was collected and strained through eight layers of cheesecloth; pH was measured and then the sample was acidified with phosphoric acid. Concentrations of VFA (Supelco, 1975) and ammonia (Sigma Chemical Company, 1980) in ruminal fluid were measured for all time points; only data for the 12-h sampling (approximately 7 h after the 1400 feeding) are presented.
Fluid and particulate m o v e r in the rumen was estimated by pulse-dosing cows with Co-EDTA and Yb-labeled forage. Cobalt EDTA was prepared using the method of Uden et al. (1980) ; forage was labeled according to the method of Ellis and Beever (1984) except that whole forage was used instead of NDF. Ruminal fluid was sampled at 0, 3, 6, 9, 12, and 24 h post-dosing and analyzed for Co using atomic absorption spectrophotometry (air-acetylene flame). Whole ruminal contents were sampled at 0,4, 8, 12, 16, 20.24, 28, 32, dose and analyzed for Yb using atomic absorption (nitrous oxide-acetylene flame). Ruminal Co data were fit to a one-compartment model. The Y b data were fit to a twocompartment model (Wagner, 1975 Hays, feces, and orts were analyzed for DM, CP, ash (AOAC, 1984) , energy (bomb calorimetry), NDF, ADF, and ADL-sulfuric acid (Robertson and Van Soest, 1981) . Concentration of hemicellulose was calculated by subtracting ADF from NDF. Concentration of cellulose was measured as the loss in mass by treating ADF with 72% sulfuric acid.
Data were analyzed statistically using the GLM procedure (SAS, 1988) . The model was q.h, where Y i p = dependent variable for the id cow (C) dunng the j* period (P) fed hay receiving the kh fertilization (F) treatment of the m* maturity 0 ; FMk, = interaction between fertilization and maturity; p = overall mean; and q j h = error term (Steel and Tome, 1980) . When NLIN was used to estimate kinetic parameters and convergence criteria were not met, the observation was not included in the statistical analysis. This resulted in fewer observations for NLIN data than for LOG data. Residual mean squares (RMS) were calculated by subtracting the observed value from the estimated value at each time point (including 0 and 72 h). That value was squared and then summed for each observation within the Latin square. The s u m of squares was divided by N -1, where N was the number of time points included in the data set. Treatment RMS were calculated by averaging the individual RMS across treatments. The chi-square goodness-of-fit test was used to compare predicted extent of NDF digestion against observed values (Steel and Tome, 1980) .
Results and Dlscussion

Forage Composition and Digestibility
Nitrogen fertilization did not appreciably change the fiber composition of bromegrass, but N fertilization did increase its CP concentration ( Table 1) . Similar results have been reprted for timothy (Lindberg and Lmdgren, 1988) , orchardgrass (Reid et al., 1966) , and bromegrass (Mahli et at., 1986). In contrast, Panditharame et al. (1986) found that large amounts of N fertilizer (345 kg Nha) increased NDF concentration in orchardgrass by about four percentage units; concentrations of ADF and lignin also were increased Full- headed bromegrass tended to have slightly higher concentrations of NDF and ADF and substantially more ADL (40% increase) than did late-boot brome. Therefore, the amount of ADL as a percentage of NDF increased with maturity from 6.4% to 9.1%. Increased lignification of NDF usually occurs when grasses mature from the vegetative to the full-head stage . Concentration of CP decreased with advanced maturity, but fertilization increased CP content at both maturities. The numerical difference between fertilized and unfertilized brome was greater for late boot (4.9 percentage units) than for full-headed bromegrass (2.8 percentage units).
Dry matter intake was not affected by treatment ( Table 2) . Based on measured energy digestibility, energy intake was about 1.5 times the maintenance energy requirement (NRC, 1988) . Fertilization did not affect total tract digestion coefficients for DM, energy, or any fiber constituent (Table 2) , which is in agreement with Reid et al. (1966 Cattle fed late-boot bromegrass consumed 6.6 and 5.5 kg of digestible DM and digestible NDF. compared with 5.7 and 5.1 kg for cattle fed full-head bromegrass. Therefore, the depression in NDF digestibility caused by maturity accounted for about 44% of the decrease in DM digestibility. Digestibility of DM and fiber fractions usually decreases w i t h advancing maturity in forages. Currently, three theories exist for the depressing effect of lignin on fiber digestion: encrustation, toxic effects of phenolics, and formation of lignincarbohy&ate complexes (Jung and Fahey, 1983) . A mathematical model used to estimate NDF digestibility based on the encrustation theory (Conrad et al., 1984) resulted in values of 69.2 and 61.6% (boot vs full head) compared with measured NDF digestibilities of 68.8 and 63.0%, thereby supporting the encrustation theory.
An important finding of this study is that energy digestibility was 6.5 percentage units lower (P c .Ol) for full-head than for late-boot bromegrass; however, concentrations of ADF (39.6 vs. 41.2%, boot vs head) and NDF (69.8 vs 72.0%, boot vs head) were quite similar between maturities. Most feed energy predic- 
Ruminal Characteristics
Concentrations of VFA in ruminal fluid 7 h post-feeding were not affected by treatment (Table 3 ) but were typical of cattle fed highforage diets. Ruminal ammonia concentrations 7 h post-feeding were higher (P e .01) for cows fed late-boot than for those fed full-head bromegrass. Ammonia concentration in minal fluid (Table 3) of cows on all treatments should have been adequate, so fiber digestion should not have been affected adversely, with the possible exception of digestion of fully headed bromegrass. Schaefer et al. (1980) reported that ammonia N saturation constants for most ruminal bacteria (in vitro) were 50 jM, and a concentration of 1 mM ammonia N would result in 95% saturation. The lowest concentration of ruminal ammonia observed in our study was 1.9 mM for full-head brome that was not fertilized with N. Additionally, pritchard and Males (1985) repoaed no difference in total tract DM digestibility for diets containing 8 or 12% CP. The lowest concentration of CP in our forages was 7.9%. However, in vivo research suggests that 3 to 6 mM ammonia in the rumen is necessary for maximal microbial growth (Harrison and McAUan, 1980) . Measuring ruminal ammonia concentration at one time point (7 h postprandial) may not give a true indication of overall ruminal ammonia status. To reduce the error of a single-point estimate, the average amount of ammonia present in the rumen during 24 h was determined by calculating the area under the ruminal ammonia concentration-time (h) curve and dividing by 24. Average amounts of ruminal ammonia were higher for cows fed late-boot than for those fed full-head brome (P e .01) and higher for cows fed fertilized brome than for those fed unfertilized brome (P < .04; 
In situ Digestion Kinetics
Curve-Fitting Method. Digestion kinetics for DM and fiber components were calculated using two different data fitting procedures (Tables 4 and 5 ). An indication of goodnessof-fit is a low RMS. No consistent difference between NLIN and LOG for RMS was observed. Mertens and Loften (1980) reported that NLIN produced lower RMS than did LOG. The data of Mertens and Loften (1980) were from in vitro incubation, whereas our data were for in situ degradation. Mertens and Loften (1980) also incubated samples for up to 96 h, whereas our incubations were stopped at 72 h. The LOG-estimated 96-h values from Mertens and Loften (1980) and LOG estimates will be presented. Jn many instances, numerical differences were quite large between parameters estimated using NLIN compared with LOG.
Lag generally was not affected by either maturity or N fertilization for DM and most fiber constituents (Tables 4 and 5 ). Lag time estimated using LOG for hemicellulose was longer (P < .Ol) for fully headed bromegrass than for brome harvested in the late-boot stage. When lag time was estimated using NLIN, the same trend was evident but maturity effect was not significant (P c .lo). An interaction between maturity and fertilization was detected (P < .05) for hemicellulose lag time by both methods. No other interactions between main effects were found for lag time. Degradation rate (Tables 4 and 5) for DM and most fiber constituents generally was not affected by maturity regardless of method used to estimate the parameter. The digestion rate for hemicellulose (estimated using NLIN) was faster for late-boot than for full-head bromegrass. This trend was not evident when hemicellulose rates were estimated using LOG. Nitrogen fertilization generally increased degradation rates for DM and fiber constituents. Significant statistical differences occurred more frequently for data calculated using LOG than for data calculated using NLIN, but N fertilization trends generally were consistent regardless of method of estimating parameters.
Nitrogen fertilization had no effect on extent of digestion for DM and fiber constituents (Tables 4 and 5) . Similar conclusions were drawn from data estimated using either NLIN or LOG. Most fiber constituents of bromegrass in the late-boot stage were degraded more extensively than were the fiber components of fully headed bromegrass. Similar trends were evident for both NLIN and LOG parameters.
Overall, treatment trends were relatively consistent between curve-fitting methods, but statistical differences between main effects occurred more frequently with LOG data than with NLIN data. One likely reason for differences in statistical significance between curve-fitting procedures is that for each nutrient, two or three observations failed to converge using NLIN. This reduced the degrees of freedom for error, increased error mean squares and reduced statistical power. Even though treatment trends were similar between curve-fitting procedures, the numerical values often differed greatly between methods. This suggests that kinetic parameters should be compared with extreme caution unless they were estimated using the same curve-fitting techniques.
Treatment efects. Lignin content increased with maturity, but, in general, DM and fiber disappearance rates were not affected by maturity. This suggests that lignification (within the range of this experiment) did not affect fiber digestion rate for bromegrass. Mertens (1977) also found no correlation between lignin content and rate of fiber digestion for a diverse population of forages (including both legumes and grasses of different maturities). In contrast, Smith et al. (1972) reported a strong correlation between lignin content and rate of NDF digestion in bromegrass of two maturities. The forages in the latter study had a range in NDF digestion rates of 7 to 18%/h and lignin content ranged from 3 to 10% of DM. The composition and disappearance rates of the forages used in our study were not that diverse.
Nitrogen fertilization generally increased disappearance rates of NDF, ADF, and cellulose for both maturity classes. Somewhat similar results were observed for timothy (Lindberg and Lindgren, 1988) . Timothy harvested in the late-boot stage and fertilized with 60, 120, or 180 kg N/ha had respective in situ disappearance rates for NDF of 7, 8, and 8%b, but statistical comparisons of their treatments were not presented. The reason that fertilization increased rate of fiber disappearance is not clear, but it could be related to rate of colonization of feed particles by ruminal bacteria. Particles from bromegrass fertilized with N (averaged over maturity treatments) had more bacterial matter during the first 24 h of incubation than did particles from brome not receiving any N fertilizer (Figure 1) . It is unlikely that the N fertilization effect on degradation rate of NDF was caused directly by differences in the CP content of the forages because brome harvested in the late-boot stage without N fertilization had the same concentra- tion of CP as did full-head brome grown with N fertilization, but disappearance rates were different.
Results for extent of digestion essentially were opposite those for the rate data. Nitrogen fertilization generally did not affect extent of digestion for DM and fiber components, whereas full-head brome had lower extent of digestion than did bromegrass at the late-boot stage. Lignin content affects extent of digestion (Jung and Fahey, 1983) and probably was responsible for the maturity effects observed in this experiment. Conrad et al. (1984) proposed that potentially digestible NDF can be estimated using the law of surface areas. This model is based on the assumption that NDF covered by lignin is indigestible. Predicted extent of NDF digestion ( Table 6 ) was compared to in situ extent using the chi-square goodness-of-fit test. The in situ extent values were expressed as amount of NDF remaining at 72 h divided by the amount of NDF placed in the bag. Values in Tables 4 and 5 are expressed as amount of NDF remaining at 72 h divided by the amount placed in the bag minus washout. No data are available on the digestibility of NDF of extremely small particles; therefore, we assumed it would behave similarly to NDF that was not washed out. Predicted extent values were from the model of Conrad et al. (1984) with one modification. The original model of Conrad et al. (1984) accounted for incomplete digestion of the potentially digestible fraction as a result of competition from passage; however, using dacron bags essentially eliminates the effect of particulate passage. Sharma et al. (1988) reported that for medium-quality orchardgrass, about 95% of the digestion occurred by 72 h (based on a 240-h incubation). Therefore, .95 was used as the digestion coefficient for potentially digestible NDF. In all cases, greater than 50 to 75% of the error between the predicted and measured points was the result of random error. The overall accuracy of the model in predicting extent of NDF digestion is interpreted to suggest that lignification was the primary constraint on fiber digestion; adjusting for NDF that was encrusted with lignin accounted for most of the variation in fiber digestibility.
Interactions between main effects were evident (P < .lo) for extent of digestion of NDF (LOG only), hemicellulose, and cellulose (both NLIN and LOG). These interactions could be the result of the higher lignin content in the fully headed bromegrass that was fertilized with N. This forage had low in vivo and in situ digestibility coefficients. Ruminal digestibilities of fiber components were predicted using model 1 of M e n and Mertens (1988) and expressed as a percentage of total tract digestibility and percentage of nutrient intake (Table 7) . This model incorporates potentially digestible and indigestible components of the fiber, along with rates of digestion and passage. If data calculated using LOG or NLIN produced estimates consistently closer to in vivo values, then it may indicate that one method was superior. Estimated ruminal digestibility as a percentage of total tract digestibility for fiber components ranged from 48 to 95% for LOG and from 44 to 101% for NLIN (Table 7) . Most values ranged from 60 to 80% for LOG and from 55 to 85% for NLIN. The estimated values for fiber constituents were considerably lower than the values of 90 to 95% obtained from experiments using intestinally cannulated cattle fed orchardgrass or bermudagrass (Jones et al., 1988) . Estimates calculated from kinetic data derived using either method (LOG or NLIN) were not consistently different; therefore, no conclusions can be drawn regarding the accuracy of either method. Nocek and English (1986) reached a similar conclusion, stating that no single method of estimating kinetic data was appropriate for all situations.
Allen and Mertens (1 988) proposed another model to consider selective retention of particles, but we had insufficient measurements from this experiment to fit that model. An important benefit of the Allen and Mertens (1988) model is that competition between digestion and passage is considered. Animals in this experiment were consuming relatively low amounts of feed (1.5 times maintenance); therefore, particulate passage rates were relatively slow. Estimated ruminal digestibilities of most fiber components (expressed as percentage of intake) were similar within maturity classes ( Table 7) . In situ disappearance rates were different between fertilization treatments within maturity classes, but because passage was relatively slow, differences in digestion rates became less important.
Implications
Total tract in vivo forage digestibility was lower for bromegrass harvested in the full-head stage than for brome harvested in the late-boot stage of maturity. Applying N fertilizer did not overcome the decline in quality due to maturation. Method of calculating in situ digestion kinetic data affected the numeric& results but, in general, did not affect interpretation of treatment effects. The precision of LOG and NLIN was essentially equal, but because the accuracy of the methods is unknown, no method can be judged superior. Nitrogen fertilization increased rates of digestion, but, because intake and rate of passage was relatively low, extent of digestion, which was influenced by maturity but not fertilization, had a greater impact. Nitrogen fertilization increased rates of digestion; therefore, N fertilization of bromegrass may have a more positive impact on digestibility under conditions when ruminal retention time is decreased, such as when animals are consuming relatively large amounts of feed or when forage is fmely ground.
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